Ten of 12 mitochondrial protein-coding genes and the large (16s) mitochondrial rRNA gene have been identified and mapped within the Romanomermis culicivorux mitochondrial genome. This transcriptional map differs from other nematode mitochondrial DNAs (mtDNAs) with respect to gene order and transcriptional orientation of some genes. Several of these coding regions are components of a 3.0~kilobase mtDNA repeating unit, allowing a direct comparison of nucleotide and amino acid sequence composition for repeated and single copy genes. Analysis of protein-coding regions representing repeated (ND3, ND6) and single copy genes (ATPase 6, cyt.b, COI, COIII, NDl, ND4, ND5), and four repeat-associated open reading frames (ORFs) with unassigned function have revealed striking similarities in nucleotide composition, amino acid frequencies, and codon biases. Although we anticipated that reiterated protein coding regions might be evolving under relaxed selection, our results indicate that both repeated and unique mitochondrial genes appear subject to similar functional constraints.
Introduction

Mitochondrial
genomes of metazoa are typically composed of a single, circular molecule that varies in size from approximately 14 to 39 kilobases (kb) (Brown 1985; Moritz, Dowling, and Brown 1987; Snyder et al. 1987) . These molecules reveal a nearly identical coding potential consisting of structural genes for an organellespecific translation system (2 rRNAs and 22 tRNAs) and 12 or 13 protein-coding genes. The encoded polypeptides are components of the mitochondrial electron transport and oxidative phosphorylation systems: apocytochrome b (cyt.b), F,-ATPase subunits 6 and 8 (ATPase 6 and S), cytochrome c oxidase subunits I, II and III (COI-COIII), and subunits l-6 and 4L of the respiratory chain NADH dehydrogenase (NDl-ND6 and ND4L) (Chomyn and Attardi 1987) . Therefore, the large size variation observed among animal mitochondrial DNAs (mtDNAs) is not usually a consequence of differential gene content. Rather, size polymorphism most frequently results from copy number variation of tandem repeats within noncoding mtDNA sequences, often residing in the vicinity of the control region.
In some cases, sequence duplications include mitochondrial genes (Moritz and Brown 1986, 1987; Wallis 1987; Moritz 1991; Zevering et al. 1991 ). We have previously described an unusually large, size-polymorphic mitochondrial genome maintained within the nematode Romanomermis culicivorax, an obligate parasite of mosquitoes. Romanomermis mtDNA contains 3.0-kb duplications arranged as a tandem array and as inverted copies, external to the tandem repeats, located elsewhere in the molecule Hyman, Beck, and Weiss 1988) . Recently, we determined the complete nucleotide sequence for several 3.0-kb repeating units (Azevedo and Hyman 1993) derived from mitochondrial genomes maintained within two reproductively isolated nematode lineages. In this same study, nucleotide sequence was also obtained from independent repeat copies residing at separate locations within the same mt-DNA haplotype. Each complete repeating unit, irrespective of its source, contains six open reading frames (ORFs), two of which encode the ND3 and ND6 polypeptides. A third ORF shares sequence similarity with cytochrome P450, a protein typically encoded in the nuclear genome.
There is a conspicuous absence of nucleotide sequence divergence among the 3.0-kb repeat copies. Substitution levels were measured to be less then 0.01% among repeats residing within the same mtDNA haplotype. This observation was not necessarily anticipated, as at least one copy of repeated protein-coding regions might be expected to be under relaxed selection relative to unique genes residing in the same organelle genome. However, polypeptide products of mitochondrial genes must interact with other proteins encoded by both the nuclear and mitochondrial genomes to form multi-subunit holoenzyme complexes. Assimilation of polypeptides derived from a divergent repeat could generate nonfunctional complexes, sequestering companion subunits including those encoded by single copy genes that may be present in limiting amounts. Functional constraints imposed by these associations may offset the opportunity to evolve under relaxed pressures.
Because duplications encompassing mtDNA coding sequences are infrequent, a direct comparison of the evolutionary dynamics governing repeated and unique mitochondrial genes has not yet been undertaken. To this end, we have now extended our sequence analysis to representative single copy genes within R. culicivorax mtDNA. We have compared nucleotide, codon, and amino acid representation among both repeated and unique mitochondrial protein genes and their polypeptide products. Our data indicate that both repeated and unique mitochondrial genes exhibit similar evolutionary patterns, including those reiterated ORFs whose functions, if any, remain unidentified.
Materials and Methods
Propagation of R. culicivorax Laboratory Cultures
The R. culicivorax isofemale lineage 3B4 was derived from a heterogenous field population originally isolated from Lake Charles, Louisiana (Petersen, Chapman, and Woodward 1968) , and subsequently maintained as laboratory stocks (Powers, Platzer, and Hyman 1986) .
Plasmids and Bacterial Strains
The bacterial plasmids pUCl18, pUCl19 (Vieira and Messing 1987) , and pBluescript SK(-) (Short et al. 1988) were used as vectors for molecular cloning and DNA sequencing.
Escherichia coli strains MV 1190, XLl-Blue (Bullock, Fernandez, and Short 1987) , and PLK-F' (Kretz and Short 1989) were rendered competent for DNA-mediated transformation and used as recipients in molecular cloning experiments.
Nucleic Acid Isolation, Restriction Enzyme Treatment, and Gel Electrophoresis
The isolation, enzyme treatment, and gel electrophoresis of DNA and RNA preparations were carried out as described in Azevedo and Hyman (1993) .
Nematode cDNA Library Construction, DNA Sequencing, and Sequence Analysis
The construction of a cDNA library from adult stage R. culicivorax nematodes, DNA sequencing, and nucleotide sequence analysis were conducted as described (Azevedo and Hyman 1993) . All protein-coding genes were identified from cDNA and mtDNA sequences by alignment of their putative polypeptide translation products with characterized mitochondrial proteins available in the GenBank-EMBL combined database. Multiple sequence alignments were conducted using CLUSTAL (Higgins and Sharp 1988) .
Ribonuclease
Protection Assays 32P-labeled antisense RNA transcripts were generated from mitochondrial cDNA fragment templates inserted into pBluescript SK(-) vector DNA using either the flanking T3 or T7 promoters. In vitro-generated transcripts were purified on denaturing 6% polyacrylamide gels to remove unincorporated 32P-UTP and any incomplete transcription products. Following elution from the gel slices, 32P-antisense RNA transcripts were hybridized overnight at 45°C to total cellular RNA. The resultant mixture was subjected to ribonuclease digestion to degrade any single-stranded, unhybridized molecules, and the protected 32P-RNA separated on a denaturing 6% polyacrylamide gel. After autoradiography, intensities of band signals were quantified using an LKB Ultroscan XL laser densitometer. Peak areas were normalized for fragment length and uracil content of antisenseprotected RNA probes.
Results
Gene Composition
Complete nucleotide sequences of four single copy R. culicivorax protein-coding genes (ATPase 6, COI, cyt.b, and ND5) have been determined, and positioned on the physical map of the R. culicivorax mitochondrial genome. ATPase 6, cyt.b, and ND5 all share the same transcriptional orientation as the repeat-associated ND3 and ND6 coding sequences within the leftward major repeat unit block ( fig. 1 ). This is in the direction opposite to that previously determined for the CO1 gene (Hyman, Beck, and Weiss 1988) .
ATPase 6
The R. culicivorax ATPase 6 protein is 15 amino acids shorter than either the Ascaris suum or Caenorhabditis elegans polypeptides. CLUSTAL-generated multiple sequence alignments ( fig. 2 ) distribute the size difference throughout the molecule. Three independently isolated ATPase 6 cDNA clones exhibit 5' end variation; the longest transcript extends past an ATT triplet that aligns with previously identified A. suum and C. elegans ATPase 6 initiation codons (Okimoto et al. 1992) . Each cDNA reveals a poly(A) tail added at an identical site, 37 base pairs (bp) beyond a TAA stop codon delimiting the ATPase 6 ORE Amino acid identity scores generated when the R. culicivorax ATPase 6 is compared to either A. suum or C. elegans proteins are calculated to be 28%, among the lowest values obtained for mitochondrial protein gene comparisons between these three nematode species (table 1). When amino acid alignments are conducted among phylogenetically distant metazoan mitochondrial genes, the lowest identity scores typically include ATPase 6 (Jacobs et al. 1988; Wolstenholme 1992) , including comparisons between A. suum and C. elegans (Okimoto et al. 1992 uba assisted in the assignment of this coding sequence as ATPase 6 (data not presented).
Cytochrome b
The cyt.b coding sequence is located immediately downstream from the ATPase 6 gene ( fig. 1 ). There are two nucleotides between the 3' end of the ATPase 6 coding region and an ATAmet triplet that aligns with identified initiation codons for the cyt.b gene from other nematodes (Okimoto et al. 1992 Significant alignment with R. culicivorux CO1 begins 10 residues downstream from the reported N-termini of A. suum and C. elegans proteins ( fig. 2 ), but no mitochondrial start codon (Wolstenholme 1992) has been identified in this region.
ND5
The ND5 coding sequence resides between the lgt-RNA gene and the coding sequence for ATPase 6 (fig. 1). Sequence identities for the R. culicivorax ND5 protein, when compared with those from A. suum and C. elegans ( fig. 2 ), are 28% and 34% respectively (table  1) . Hydropathy profiles comparing ND5 polypeptides also provided additional evidence for the assignment of this ORF as encoding ND5 (data not presented).
Other Genes
Portions of three additional R. culicivorux mitochondrial protein-coding genes (COIII, NDl, and ND4) have been sequenced and the genes mapped within the mtDNA molecule. These three genes share the same transcriptional orientation as ATPase 6, cyt.b, and ND5 (fig. l), and were identified from mitochondrial cDNA and mitochondrial genomic sequences by alignments of their putative translation products with polypeptides in the combined GenBank-EMBL database. minal region from A. suum and C. elegans CO111 polypeptides with identity scores of 34% and 30%, respectively. This alignment represents approximately 50% of the intact protein. This cDNA fragment is asymmetrically cleaved by the endonuclease NsiI, a unique restriction site within R. culicivorux mtDNA. Double restriction enzyme digestions with NsiI and additional restriction endonucleases permitted assignment of the transcriptional orientation of CO111 as illustrated ( fig. 1) .
A 279-bp sequence representing the 3' end of the ND1 gene was obtained from a mitochondrial genomic clone and was presented along with its 93-amino-acid computer-generated translation in Azevedo and Hyman (1993) . This region encompasses approximately one third of the complete protein gene, as judged by the lengths of the A. suum and C. elegans ND1 polypeptides (Okimoto et al. 1992) . The ND1 coding sequence is positioned between two repeated regions within the R. culicivorux mitochondrial genome, terminating 134 bp upstream from the endpoint of the large repeat unit cluster within HindIII-B ( fig. 1) .
Sequence information for the 5' end of the ND4 gene (939 bp) was determined from a mitochondrial genomic clone. The 3 13 amino acids derived from this sequence represent approximately three fourths of the ND4 protein when compared with that of A. suum and C. elegans (Okimoto et al. 1992) . When the 313-residue sequence from R. culicivorux is aligned with ND4 segments from A. suum and C. elegans, amino acid identity scores of 27% and 30%, respectively, are obtained. The N-terminal end of the ND4 ORF begins 51 nucleotides from the left endpoint of the 3.0-kb tandem repeat array located within the HindIII-A restriction fragment ( fig. 1 ; Azevedo and Hyman 1993) .
Locution, Sequence, and Identification of the Zg-rRNA Gene
No large ORPs were found in either strand of an 1,123-bp sequence positioned between the CO1 and ND5 genes. However, numerous independently isolated cDNA clones were mapped to this region by mtDNA transfer-hybridization experiments. Nucleotide sequences and computer alignments presented in Powers, Harris, and Hyman (1993) revealed this area to contain several highly conserved domains known to be characteristic for mitochondrial lg-rRNA genes encoded within metazoan mtDNAs (Bibb et al. 198 1; Clary and Wolstenholme 1985b) .
Assignment of Translation Initiation and Termination Codons
Alignment of R. culicivorux protein-coding ORI+ with other metazoan mitochondrial genes, including those derived from other nematodes, assisted in the identification of likely start and stop codons for translation. With this approach, the N-terminal ends of the ATPase 6, cyt.b, ND4, and ND5 polypeptides have been predicted ( fig. 2) . ATA (methionine) appears to be used as the translation initiation codon for ND5 and cyt.b, ATT (isoleucine) for ATPase 6, and ATAA (methionine) for ND4; each has previously been implicated as a translational start for mitochondrial proteins (Okimoto et al. 1992; Wolstenholme 1992) . We are unable to precisely identify the translational start of COI; alignment with of this ORF with previously characterized nematode CO1 coding sequences places a GCA (alanine) triplet at this location.
Of the five protein-coding ORFs whose C-terminal ends have been determined, four end with a TAA stop codon (ATPase 6, cyt.b, COI, and NDl), while the trip- Table 2 . Nucleotide Frequencies at mt-Codon Positions let TAG appears to function as the stop codon for ND5. We have found no evidence for polyadenylation creating a functional stop codon, as has been described in mitochondrial genes from other organisms (Anderson et al. 198 1; Clary and Wolstenholme 198%; Cantatore et al. 1989; Okimoto et al. 1992 ).
Mitochondrial Gene Evolution Nucleotide Representation and Codon Composition
Nucleotide and derived amino acid sequences were used to generate four different data sets: 1) all six repeat-associated ORFs (designated repeat-complete in tables 24); 2) ND3 and ND6, identified mtDNA coding sequences residing exclusively within the 3.0-kb repeating unit; 3) the remaining four ORFs within the repeat that have yet to be assigned function (unassigned repeat ORFs); 4) compiled single copy mitochondrial protein coding sequences (single copy).
Nucleotide Representation
The R. culicivorax mitochondrial genome is exceedingly A+T rich. Values approaching 80% A +T are obtained for the 6,390 bp of single copy protein-coding regions sequenced (including ATPase 6, COI, cyt.b, ND5, and partial COIII, ND 1, and ND4 genes) and for 8,477 bp which includes each of the above structural genes, the lg-rRNA gene, and eight identified intergenic regions. This value is similar to the 78% A+T content measured for the 3.0-kb amplified domain (Azevedo and Hyman 1993) . Among all the R. culicivorax mitochondrial structural genes, C and G are both found at low frequency (10.9% and 11.5%, respectively).
Thymine is the most abundant nucleotide among these same genes (44.4%).
The high A+T content of R. culicivorax mtDNA is reflected in a strong preponderance of T over C and A over G in each of the three codon positions (table 2) . At the first position, there is a slight bias of A over T in all data sets except the single copy mitochondrial protein coding sequence, where no apparent bias is observed. At the second codon position, T is found at the highest frequency in all data sets, with the single copy mitochondrial protein genes exhibiting the strongest tendency for T in this position. There is also marked bias for T over A in the third position of codons compiled for each of the four sequence classes.
We have compared nucleotide representation within R. culicivorax mtDNA codons with that of C. elegans and A. suum (table 2; Okimoto et al. 1992) . Romanomermis culicivorax is similar to each of these nematodes with respect to a strong T over C bias at all three mitochondrial codon positions. However, the A over G bias found within the first and second positions of R. culicivorax mitochondrial triplets is not apparent at these same sites within A. suum nor in the second position of C. elegans codons. At the third position, A. suum reveals a G over A bias not found in R. culicivorax and C. elegans mitochondrial codons.
Amino Acid Composition
As described for other animal mitochondrial genomes, deviations from the universal genetic code have now been reported for nematode mitochondrial protein coding genes (Okimoto et al. 1992 ). These modifications (AGA and AGG = serine; TGA = tryptophan; ATA = methionine) have been employed in this study for computer-assisted protein translations of mitochondrial ORFs. The percentages of amino acids within R. culicivorax mitochondrial proteins are displayed in table 3. Leucine, isoleucine, phenylalanine, and serine are the most abundantly represented amino acids in all four protein data sets.
We next asked whether the overall amino acid composition of the ORFs without identified function was similar to that found in mitochondrial protein coding genes. Measured nucleotide frequencies at each codon postion (table 2) were used to calculate overall nucleotide frequencies within ORFs of known and unknown function. Products of these frequencies were employed to generate a null hypothesis in which amino acid representation within ORFs of known and unknown function are consistent with codons assembled from measured nucleotide frequencies. Observed amino acid frequencies for the 718 triplets representing the four unassigned ORFs and the 2,362 codons constituting the six unique mitochondrial protein genes combined with the repeated ND3 and ND6 coding sequences deviated from the null hypothesis (x2 = 477.2, P < 0.001 for known protein-coding genes; x2 = 95.4, P < 0.001 for unidentified ORFs). Rejection of the null hypothesis implies a requirement for the presence of specific amino acids and suggests the unidentified ORFs may retain a functional role in the cell. Moreover, in 15 of the 22 codon families tested, including both leucine (CTN, TTR) and serine (AGN, TCN) triplet classes, the direction of departure from the expected amino acid frequen- ties were similar in both data sets. With the single exception of glutamic acid, hydrophilic amino acids were underrepresented, whereas hydrophobic amino acids (excluding leucine encoded by a limited number of CTN codons) were always overrepresentated relative to anticipated frequencies within ORFs of both known and unknown assignments.
These observations further support the possibility that functional constraints similar to those imposed on functional ORFs have operated on proteincoding regions of unknown function.
Codon Bias
Each amino acid within R. culicivorax mitochondrial coding regions can be represented as a family of codons ranging from two-to six-fold degeneracy; table 4 scores the utilization of each codon within its own degenerate family for each of the four mitochondrial protein data sets.
The bias toward occurrence of an A or T at each codon position (table 2) in all four protein data sets establishes constraints that decidely influence the observed codon frequencies (table 4) . In each triplet family, the codon most frequently utilized contains an A or T in the third position, reflecting the A over G and T over C nucleotide biases. In those instances where degeneracy allows the choice of an A or T at the third position (GLY, VAL, ALA, SERAGN, SERTcN, THR, ARG, LEUCTN, and PRO), a T is employed most often except with GLY and both SER families, where either A is favored or no apparent T or A bias is observed. This pattern is observed among both single copy mitochondrial genes and all six repeat-encoded ORFs.
Within the R. culicivorax six-fold degenerate mitochondrial leucine codon family, the ratio of TTR to CTN triplets is positively correlated with the preferential use of T over C in the third position, as has been observed in mitochondrial genes analyzed from widely separated taxa (Wolstenholme 1992 ). This correlation is observed among all four protein data sets (table 4) , where the TTR : CTN ratio ranges from 2: 1 for ORFs in the 3.0-kb repeating unit to 4: 1 for the single copy mitochondrial genes. These results indicate that selective constraints on the first and third positions of synonymous codons are acting similarily among the repeated and unique mitochondrial coding sequences in R. culicivorax.
Steady-State Mitochondrial mRiVA Level Determination
The unexpected absence of nucleotide sequence divergence (<O.Ol%) among repeated gene copies (Azevedo and Hyman 1993) and congruent codon usage among repeated and unique mitochondrial genes suggest that when multiple copies of reiterated mitochondrial genes are available, they are competent for expression. To address whether steady state levels of mitochondrial mRNAs correlate with gene dosage, ribonuclease protection assays were used to determine the relative levels of mRNA molecules arising from multi-copy (repeatencoded) and unique mitochondrial genes. 32P-antisense RNAs representing 289 bases of ATPase 6, 259 bases of cyt.b, and 421 bases of CO111 were generated to measure mRNA levels of these single copy mitochondrial genes. In addition, 32P-antisense RNAs comprising 506 bases of a cytochrome P450-like gene and 270 bases of ND3 were synthesized to measure steady-state levels of representative multi-copy genes, each present three times in the 3B4 mitochondrial genome (Azevedo and Hyman 1993) . These RNAs were mixed with equal amounts of a 128base 32P-antisense RNA generated from the single copy, lg-rRNA coding sequence, which provided an internal standard in these experiments. Transcript levels of ATPase 6, cyt. b, COIII, ND3 and the cytochrome P450-like gene were densitometrically determined relative to the control mitochondrial lgr-RNA antisense transcript in total cellular RNA preparations.
Arbitrarily setting the CO111 transcript level to 1.0, we find the relative steady-state transcript levels for the unique ATPase 6 and cyt.b to be 7.1 and 4.6, respectively, whereas the repeated ND3 and the cytochrome 450-like ORFl mRNAs are present at levels of 2.1 and 0.9, respectively (numerical average of two trials). This result reveals no obvious relationship between gene dosage and steady-state transcript levels.
Discussion
The sequence information presented here and in Azevedo and Hyman ( 1993) represents 65% of the unique portion of the mitochondrial genome, and approximately 70% of the entire mtDNA. The location of genes for the polypeptides ND2 and ND4L along with coding sequences for the small mitochondrial rRNA and tRNAs are yet to be determined ( fig. 1) . A thirteenth mitochondrial protein gene (ATPase 8) located in most animal mtDNAs has not been found in the nematodes A. suum, C. elegans, or Meloidogyne javanica (Okimoto et al. 1992 ) and therefore is not anticipated to reside on the R. culicivorax mitochondrial genome.
Comparison of Nematode Mitochondrial Genes
Complete mtDNA sequences were obtained for the R. culicivorax ATPase 6, COI, cyt.b, and ND5 genes. The large genetic distances observed when these gene sequences are compared with those of A. suum and C. elegans (table 1) are consistent with results from an earlier study (Powers, Harris, and Hyman 1993) , in which we compared cyt.b, ND3, and the lg-rRNA coding sequences derived from these same nematodes and from M. incognita, a phytonematode.
Ascaris, Caenorhabditis, and Meloidogyne are representative genera of three subclasses within one of two major nematode taxonomic classes, the Secernentia; these represent the subclasses Spiruria, Rhabditia, and Diplogasteria, respectively. Romanomermis is a member of the second major nematode class, the Adenophorea.
Among the animal phyla, the Nematoda is one of the oldest. Subclass divergence within the Secernentia is thought to have occurred over 550 million years ago (Poinar 1983, pp. lo-17) , with separation of the class Adenophorea predating that event. We would predict that mtDNA sequence comparisons between nematode classes and subclasses would generate low similarity scores, as observed with any alignment involving R. culicivorax and M. incognita (table 1; Powers, Harris, and Hyman 1993).
Gene Order and Phylogenetic Considerations
It has recently been suggested that phylogenetic affinities among highly divergent taxa might be inferred from comparison of mitochondrial gene orders (Sankoff et al. 1992; Boore et al. 1995) . This approach may be especially useful under circumstances where resolution by nucleotide sequence alignment has been obscured by extensive substitution. Transcriptional maps of mitochondrial genomes from three Secernentian nematodes (C. elegans, a free-living nematode; A. suum, an animal parasite; and M. javanica, a phytonematode) are available (Okimoto et al. 1991 (Okimoto et al. , 1992 . Our current description of mtDNA gene order for R. culicivorax (an insect parasite) represents the sole example of an Adenophorean nematode for which any information on the transcriptional organization of mitochondrial genes is available.
Nucleotide and amino acid sequence comparisons among mitochondrial genes of these four nematodes covary with conservation of gene order. Ascaris suum and C. elegans exhibit highly conserved gene orders, differing only in placement of the A+T-rich putative control region and several tRNA genes, and reveal nucleotide and amino acid sequence similarities among mitochondrial genes of 70%-75% (Okimoto et al. 1992) . Meloidogyne javanica, the third Secernentian representative, exhibits a strikingly different gene order from that of A. suum and C. elegans (Okimoto et al. 1991) , while nucleotide and amino acid divergences between these three genera suggest every possible variable position has undergone multiple mutations when ND3 and cytochrome b coding sequences are analyzed (Powers, Harris, and Hyman 1993) . One commonality among the Secernentian mtDNAs is that all mitochondrial genes reside on the same mtDNA strand and are transcribed in the same direction.
Addition of the Adenophorean nematode R. culicivorax to this data set adds several levels of complexity to a consideration of mitochondrial gene order and phylogenetic affinities within the Nematoda. Nucleotide and amino acid sequence divergence of mitochondrial genes between R. culicivorax and the other three nematodes is as great as within the Secernentia (Powers, Harris, and Hyman 1993) , and gene order in R. culicivorax is characteristically different from that of A. suum, C. elegans, and M. javanica (Okimoto et al. 1991 (Okimoto et al. , 1992 . Moreover, orientation of the single copy CO1 gene on the strand opposite to that of the other R. culicivorax mitochondrial genes ( fig. 1 ) requires transcription of both mtDNA strands. The possibility that the observed variation in mitochondrial genome organization is a distinguishing character among the two major nematode classes remains intriguing, and will likely become clarified as mitochondrial genomes from additional representatives from each class are characterized.
Nucleotide Composition
The exceptionally high A+T content (80%) of mitochondrial protein-coding genes in R. culicivorax is among the highest values reported for an animal mitochondrial genome, a characterisitic that may typify protostome invertebrates (Simon 1991 guanosine are the least used nucleotides within mitochondrial protein-coding genes (Wolstenholme 1992; Crozier and Crozier 1993) ; this is also true within the R. culicivorax mitochondrial genome, where C and G are represented at low frequency (10.9% and 1 1 .5%, respectively) within protein coding sequences. Thymine is the most abundant nucleotide (44.4%) among these same genes, a characteristic shared among nematode mitochondrial genomes (Okimoto et al. 1992) , and other invertebrates including insects and echinoderms (Jacobs et al. 1988; Wolstenholme 1992 ). The R. culicivorax mtDNA nucleotide composition exhibits a strong bias toward an A or T in each codon position (77.6%, 73.8%, and 88.1% for the first through third positions, respectively; table 2). This compilation presents a striking example of "A+T pressure" (Jukes and Bhushan 1986; Jermiin et al. 1994) , an evolutionary tendency toward directional, or nonrandom, substitution patterns resulting in the accumulation of A and T nucleotides within protein-coding regions, and in particular within synonymous codon sites. A+T pressure is expected to be symmetrical (strand nonspecific), and in agreement with this, nucleotide representation at all three codon positions is similar among each of the R. culicivorax mitochondrial protein coding genes (primary data used to compile table 2), including that of COI, which is transcribed from the strand opposite to the remainder of the coding sequences identified to date ( fig.  1) . Moreover, the extent of A+T pressure on mitochondrial codons appears to have a phylogenetic component (Jermiin et al. 1994) . In this regard, A+T bias at all three positions within mitochondrial codons has now been observed for A. suum, C. elegans, and R. culicivorax (table 2; Wolstenholme 1992) , suggesting that directional pressure of this sort has been maintained across phylogenetically ancient lineages.
Similar Evolutionary Patterning of Repeated and Single Copy Protein-Coding Genes
In this study, we have compared the nucleotide and codon content of single copy and repeated protein-coding genes within the R. culicivorax mitochondrial genome (tables 2-4). With few exceptions, these characteristics are remarkably constant between the two classes of sequences, including those ORPs with unassigned function. As discussed below, these observations indicate that both repeated and unique mitochondrial protein-coding sequences may be evolving under the influence of similar selective pressures.
An alternate interpretation of our data would argue that the amplification events generating repeated mitochondrial coding sequences have occurred recently, providing little opportunity to diverge from each other or exhibit evolutionary patterning different from unique
